Abstract. The reproducibility of electrical impedance tomographic spectroscopy (EITS) images of neonatal lungs have been investigated in 11 clinically stable babies. We have used the Sheffield Mark IIIa EITS system. An average inspiration frame was generated from the data frames associated with maximum inspiration. Frequency images were reconstructed from these frames. The frequency images were analysed to locate the pixel with the maximum change in the right lung field. The change was defined as the 614 kHz measurement relative to 9.6 kHz. A 3×3 pixel region of interest was centred at this point. The changes in impedance with frequency for this region of interest show good overall reproducibility between electrode applications for eight frequencies (95% limits of agreement ±28%). This reproducibility is improved (95% limits of agreement ±13%) by omitting the highest frequency (1.2 MHz) which is most subject to system noise. The parameters for the Cole model derived from data with the highest frequency omitted are less reproducible between electrode applications (95% limits of agreement, R/S ± 0.83, f c ± 81.6, RC ± 0.52, SC ± 0.39). We suspect that the parametric model used may have an effect on this. The signals recorded at the highest frequency (1.2 MHz) are a major source of variability. The reproducibility results are improved by omitting this frequency from the analysis.
Introduction
For a test to be of any clinical value the repeatability or reproducibility of the test must be quantified so that variations of the test results can be viewed in perspective. The aims of this study were to assess the reproducibility of collecting multifrequency data from neonates using the Sheffield electrical impedance tomographic spectroscopy (EITS) Mark IIIa system.
The study is part of a larger project to assess the use of EITS in detection of abnormalities and monitoring of changes in lung water content in neonates. We are interested in lung water because most respiratory diseases in the newborn are known to exhibit abnormalities in lung water. Hyaline membrane disease (respiratory distress syndrome) is the most prevalent among these diseases. The condition is characterized by slow clearance of intra-alveolar and interstitial lung fluid particularly following premature birth.
A pilot study of the use of EITS in recording data from neonates has been conducted by Hampshire et al (1995) . They found that it was possible to collect multifrequency data from neonatal subjects and to use the data to reconstruct parametric images based on the Cole-Cole equation (Lu et al 1995, Cole and Cole 1941) . 0967-3334/96/SA0205+08$19.50 c 1996 IOP Publishing Ltd 
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Methods
The Sheffield EITS system
The Sheffield Mark IIIa system uses eight interleaved pairs of drive and receive electrodes connected to triaxial screened cables. A 1 mA p-p current is injected through each drive electrode pair in sequence at eight different frequencies. The frequencies used double up from 9.6 kHz to 1.2 MHz. Data are collected from the receive pairs of electrodes in sequence. The data collection rate for the system is 33 frames per second. The resulting voltage measurements are used to reconstruct images of the impedance distribution inside the thorax.
Electrodes
Disposable Ag/AgCl neurology electrodes (Type 7 00 01-E Neuroline range, Medicotest, Denmark) were used. Sixteen electrodes were positioned at the nipple line in five babies and the xiphisternal line in another six. The electrodes were trimmed to approximately 8 mm in width. The electrodes were sited individually with the aid of surface landmarks. The two electrode planes used in this study were located using one electrode midway between the nipples at the nipple line, or on the xiphisternum. A second electrode was placed over the spine of the subject, at the same level as the anterior electrode. The remaining electrodes were positioned equidistant to the others in the same transverse plane. A reference electrode was located on the chest.
Data collection
The babies were placed in a supine position after the electrodes were applied.
A test-retest method was used to test the reproducibility. After a set of electrodes had been applied two sets of data were recorded for 30 s epochs. The electrodes were then removed and a new set of electrodes reapplied within an hour. Two more sets of data were recorded.
The data were collected when the babies were lying still, asleep or awake, so that movement artefacts in the data were minimized. The electrodes were applied by a single investigator to avoid any interobserver variability.
A single drive-receive combination was extracted from the data during data collection to provide a visual means of selecting sets of data with minimal movement artefacts.
Data analysis
A period of tidal breathing without movement artefact containing a minimum of 10 breaths was selected from each data set. Data frames associated with maximum inspiration in the respiratory cycle were extracted to generate an average inspiration frame. This was done to reduce noise. The data were not filtered in any way.
Frequency images were reconstructed using the lowest frequency as a reference. These frequency images were then used to generate the Cole parameters. The method of reconstruction of frequency images and the generation of Cole parameters is described by Hampshire et al (1995) . Frequency images show changes in impedance as a percentage of the data collected at the reference frequency. The frequency images delineate areas of change in impedance with frequency in the antero-central and left and right lateral-central parts of the image that is greater than the surrounding regions. We associate these areas with the heart and lungs.
The frequency images associated with these average peak frames were analysed to find the pixel with the maximum change in impedance at 614.4 kHz with respect to 9.6 kHz in the right lung field of the image. This method is used to give an objective locator for a region of interest. The changes in impedance with frequency for a 3 × 3 pixel region of interest centred on this maximum pixel were averaged to give the mean impedance change. Cole parameters were calculated from the impedance-frequency curves calculated from this region of interest. The derivation of the Cole parameters are described in Brown et al (1994) and Hampshire et al (1995) . The same fitting algorithm was used to fit for the Cole-Cole equation as described by Lu et al (1995) .
This method of data analysis was repeated for the four data sets (two sets prior to and two sets post-electrode replacement) for all of the 11 babies.
Bland-Altman plots (Bland and Altman 1986 ) are used to show ranges for the repeatability of the EITS measurements. We have made paired observations of impedance using the same methodology with two sets of electrodes on each baby. We recorded data from five babies with the electrodes at xiphisternal level and data from six babies with electrodes at the nipple line as described earlier. These measurements allow us to compare the reproducibility within (intra) and between (inter) electrode applications, and between two thoracic levels.
The Bland-Altman plots show the differences between paired observations against the mean value of the two observations. A wider scatter from the zero difference line indicates a poorer reproducibility. The 95% limits of agreement are defined by ±2 standard deviations of the data. We can use these limits of agreement to define whether changes in future clinical measurements are significant or whether they lie within the bounds of the variability of the measurement.
Results
Patients
Eleven clinically stable, spontaneously breathing neonates with a median postnatal age of 18 (range 3-94) days were studied post-prandially on the special care baby unit. The group had a median weight of 1.96 (1.51-2.97) kg and median gestational age of 33 (27-35) weeks. The median chest circumference was 27.7 (24.5-32.5) cm. The study was approved by the South Sheffield local research ethical committee and written informed consent from parents was obtained for all studies.
Intraelectrode variability (frequency images)
The difference between the change in impedance with respect to 9.6 kHz of the two sets of data recorded using the same set of electrodes was calculated for each frequency. The value was plotted against the mean value of change in impedance at each frequency, shown in figure 1(a) . The change in impedance with frequency is expressed as a percentage of the lowest frequency. There are 176 points in figure 1(a) . The points are derived from two recordings from two sets of electrodes at 8 frequencies from 11 babies. Data recorded at the nipple line in five babies and the xiphisternal line in six babies were pooled because there was no significant difference between the two groups (see the variability at nipple and xiphisternal level section). The 95% limits of agreement show that 95% of measurements made on the same baby with the same physiological status will lie within ±28% for all frequencies. Closer inspection of the standard deviations for each frequency reveals that the 1.2 MHz measurement is the most variable. When this frequency is omitted from the calculations the 95% limits of agreement improve to ±13%.
Interelectrode variability (frequency images)
Figure 1(b) uses the same method as described for the intraelectrode variability. The plots show the reproducibility when electrode sets were changed. There are 176 points in figure 1(b) . The values are more widely spread with 95% limits of agreement at ±19%, but this value improves to ±7% when the highest frequency is omitted. Table 1 shows the 95% limits of agreement for each frequency. The 9.6 kHz value is zero because the frequency images use the lowest frequency as the reference.
Variability at nipple and xiphisternal level
In adults the best images of the lungs are acquired at the xiphisternal level (Leathard 1994) . However, the diaphragm is higher in neonates and some recession of the lower sternum is common, especially when the baby experiences breathing difficulties. The results indicate that there is no significant difference between the changes in impedance with frequency recorded from the two thoracic levels (p < 0.5). This may be a reflection of the method of our data analysis. We have only investigated the data at peak inspiration when the diaphragm is not likely to be in the electrode plane. The chest x-ray in figure 2 shows the approximate location of the electrode planes. 
Intra-and Interelectrode variability (parametric images)
Figures 3 and 4 show Bland-Altman plots for the derived Cole parameters R/S, f c , RC and SC. The parameters are calculated using the seven frequencies up to 614.4 kHz. The 95% limits of agreement are much poorer than for the impedance-frequency changes. This is not simply due to the variability of the highest frequency or the small difference in parameters we anticipated with a change of electrode sets. Table 2 shows the 95% limits of agreement for the derived Cole parameters using seven frequencies.
Discussion
Sources of variability
4.1.1. Electrodes. The electrodes used are low profile and adhere well to neonatal skin with minimal irritation. They are manufactured from a solid gel on a cloth backing. This makes them conformable to body contours and easy to reposition. The electrodes are also easy to trim down in size so that 16 electrodes can be positioned around the neonatal thorax without short circuits between adjacent electrodes. The electrode leads have 10 cm leads with 2 mm pin connectors that improve the babies' comfort during data recording. 
Hardware.
A single EITS system was used throughout the study of these babies.
Subject.
Thoracic impedance is known to alter with body position. Therefore, we studied all the babies in a supine position with the cots horizontal. Movement artefact was reduced by waiting until the baby was in a settled state. Signal filtering of noisy raw data is an option that we could use in the future to reduce movement artefact. Neonatal patterns of respiration are often irregular with episodes of sighing and periodic breathing. Unlike the studies in adults we have not been able to control the depth and rate of breathing of the neonates.
We speculated that the electrode plane may be a source of variability. The dome of the diaphragm may enter the plane studied at some point in the respiratory cycle. Since we have analysed data at peak inspiration this source of variability seems to be negligible, but it may cause problems when looking at other points in the respiratory cycle. Cardiac-related movements are probably averaged out during the data analysis of the respiratory cycle. We found that there was no significant difference in the reproducibility of the data between the two electrode planes studied.
Modelling.
The poor reproducibility of the Cole parameters is disappointing. The parameters are what we intend to use in our analysis of data for lung water. We may find that the changes in the Cole parameters with changes in lung water are much larger than the variability we have demonstrated here. The Cole model is an empirical equation based on a three-element electrical equivalent circuit, containing two resistors and a capacitor. A more detailed discussion of these parameters is given in Hampshire et al (1995) and Brown et al (1995) . The equation allows for a range, or distribution, of time constants associated with the circuit. Work by Nopp et al (1995) on a mathematical model for the impedance in the thorax has suggested that there are at least four dispersions arising from different physiological structures. Using the Cole equation in its present form may be inappropriate if this is the case, because the parameters are derived by fitting the equation to the impedancefrequency data. Equations that allow for several dispersions may give a better fit to the impedance-frequency data. This would mean better reproducibility and should also give a better representation of the tissue.
Region of interest.
Defining the region of interest at the point of maximum change in impedance is a helpful method of analysing the reproducibility of the EITS system. The reason for using the pixel of maximum change with frequency is so that the method of defining a region of interest is objective rather than subjective. However, lung water may not be evenly distributed throughout the lung and measurements of regional differences in lung water might be useful for clinical research.
Conclusions
The frequency images exhibit good reproducibility using this method of analysis. The parameters associated with the curves generated from the maximum change in impedance with frequency show a reproducibility that is disappointing. However, the reproducibility of the frequency images indicates that our method of applying electrodes is satisfactory. Future improvements of the parametric modelling may improve the reproducibility of the parameters. We are currently undertaking studies to determine the variability of impedance changes with frequency, and parametric values both in normal babies and in babies with pulmonary oedema. This reproducibility study was completed in order to put any differences found between these groups into perspective.
